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Transcription is defined as the 
synthesis of RNA from a DNA 
template. In bacteria, transcription 
of all genes is catalysed by a single 
RNA polymerase, whereas in the 
eukaryotic nucleus, three different 
RNA polymerases — Pol I, Pol II and 
Pol III — carry out the synthesis of 
different classes of RNA. Pol I and 
Pol III transcribe a limited number 
of genes encoding ribosomal 
RNAs, transfer RNAs and small 
nuclear RNAs. By contrast, Pol II 
is responsible for transcription of 
the thousands of protein-encoding 
genes, and does so using protein 
machinery comprising approximately 
60 polypeptides with a combined 
molecular mass of more than 
3 million daltons (MDa). Here, we 
describe the complex organization of 
these transcription factors and their 
various functions in directing Pol II 
to promoter DNA and in responding 
to the array of physiological and 
developmental cues that are essential 
for proper gene expression. 
Pol II promoter elements
A promoter is the minimum DNA 
sequence required for accurate 
initiation by RNA polymerase. As  
such, it is essential for the correct 
positioning and orientation of 
polymerase at the transcription start 
site. The TATA box, centered ~25 
base pairs from the transcription 
start site, was the first Pol II promoter 
element to be identified (Figure 1). 
Other structurally and spatially 
distinct promoter elements were 
subsequently identified, including the 
initiator (Inr), which encompasses the 
start site of transcription at +1, and 
the downstream promoter element 
(DPE) centered at +30. Each of these 
elements serves as a binding site 
for specific components of general 
transcription machinery, discussed 
below. Most promoters include one or 
more of these elements, although no 
Primer include TFIIB, TFIID, TFIIE, TFIIF and TFIIH. Formation of the transcription 
preinitiation complex (PIC) is nucleated 
by the TATA-binding protein (TBP), a 
subunit of TFIID that binds the TATA 
element and induces a sharp bend 
in the DNA. In the absence of a TATA 
sequence, PIC assembly is initiated 
by association of other subunits of 
TFIID with other promoter elements 
(see below). Next, TFIIB associates 
with the DNA–TBP complex, binding 
DNA both upstream and downstream 
of TATA. The DNA–TBP–TFIIB complex 
is now able to recruit Pol II, escorted 
to the promoter by TFIIF. TFIIE binds 
after Pol II and as a prerequisite to 
TFIIH binding, which completes PIC 
assembly. 
PIC assembly thus occurs in a 
stepwise manner, orchestrated by 
protein–DNA and protein–protein 
interactions. Remarkably, homologs 
of the entire complement of general 
transcription factors have been 
identified in yeast, fly, rat, human and 
other metazoan cells, suggesting that 
the general transcription factors are 
universal Pol II transcription factors, 
and that the mechanism by which Pol II 
recognizes promoter DNA and initiates 
single element is essential for promoter 
function. 
The TATA box, Inr and DPE were 
identified from the characterization 
of a limited number of genes in vitro 
and recent studies have identified 
additional downstream promoter 
elements. Although promoters were 
initially thought to lack specificity, the 
discovery of multiple core promoter 
elements implies the existence 
of a variety of distinct promoter 
architectures. An outstanding question 
is whether core promoter function is 
integrated with gene-specific enhancer 
elements to regulate transcription. 
The general transcription factors
Pol II is sufficient to catalyse 
DNA- directed RNA synthesis, but it is 
unable to recognize promoter DNA on 
its own. Purified Pol II will, however, 
selectively and accurately initiate 
transcription from template DNA 
when supplemented with a crude cell 
extract. This activity provided an assay 
for the fractionation and subsequent 
identification of five general 
transcription factors that are required 
for transcription initiation in vitro. 
These general transcription factors 
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Figure 1. Schematic summary of a Pol II transcription preinitiation complex (PIC). 
Core promoter elements are depicted at positions –35, –25, +1 (start site of transcription) and 
+30. PIC assembly is nucleated by binding of the TBP subunit of TFIID to the TATA box, fol-
lowed by stepwise binding of the general transcription factors, TFIIB, Pol II/TFIIF, TFIIE and 
TFIIH. In the absence of a TATA box, PIC assembly can initiate with binding of TAF subunits of 
TFIID to other core promoter elements, although these interactions are not depicted here. PIC 
assembly is stimulated in response to activator binding to a metazoan enhancer (comparable 
to a yeast upstream activation sequence), which in turn recruits coactivator complexes that 
include chromatin modifiers, and Mediator, which interacts directly with Pol II and the general 
transcription factors.
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TFIID
TFIID is a large multisubunit complex, 
composed of the TATA-binding 
protein (TBP) and 14 TBP-associated 
factors (TAFs), with a combined 
molecular mass of 750 kDa (Figure 1). 
TFIID has a lobular, horseshoe-
shaped structure organized around 
a solvent-accessible groove that can 
accommodate a double-stranded 
DNA molecule (Figure 2). Two 
different complexes, corresponding 
to open and closed conformations, 
have been identified, suggesting that 
TFIID acts like a molecular clamp to 
bind DNA. 
The TAF subunits of TFIID were 
initially defined as coactivators, 
mediating the interaction between 
gene-specific transcriptional activators 
and the core Pol II machinery. 
Indeed, TAF subunits with histone 
acetyltransferase activity (TAF1) 
or associated with complexes like 
SAGA, which show histone modifying 
activities, have been identified and are 
required for activation. Nonetheless, 
the TAFs are dispensable for activation 
of most genes in yeast, indicating that 
TAFs are not universally required as 
coactivators. From the effects of TAF 
depletion on gene expression, TAF-
dependence appears to be specified 
by core promoter elements rather than 
by upstream regulatory sequences 
(enhancers).
Although most yeast promoters 
contain a TATA box, many (perhaps 
most) metazoan promoters do not, and 
for these, PIC assembly is nucleated 
by one of the other promoter elements 
binding to TAF subunits. For example, 
TAF1 and TAF2 bind Inr elements, 
whereas TAF6 and TAF9 bind DPE 
elements (Figure 1). Accordingly, 
the structural complexity of TFIID 
is a consequence, in part, of its 
requirement to recognize a variety of 
distinct core promoter elements as the 
first step in PIC assembly. In metazoan 
organisms, TBP-related factors (TRFs) 
have also been identified, including 
TRF1 and TRF2, that function at 
TATA-less promoters to affect tissue-
specific gene expression. As additional 
core promoter elements are identified 
it will be interesting to determine 
whether other TAFs are responsible 
for promoter recognition or if proteins 
in addition to TAF subunits have this 
activity.TFIIH
TFIIH is a 10 subunit complex with 
a total mass of 500 kDa that has 
several enzymatic activities, including 
two ATP-dependent DNA helicases 
with 3´ → 5´ or 5´ → 3´ polarity, and 
a Pol II carboxy-terminal domain 
(CTD) kinase–cyclin pair (mammalian 
Cdk7-cyclin H; yeast Kin28-Ccl1). The 
TFIIH complex can be biochemically 
resolved into two subcomplexes, core 
TFIIH and the kinase–cyclin complex. 
In addition to its role in transcription, 
TFIIH functions as an essential 
component in nucleotide excision 
repair and has been implicated in 
mammalian cell-cycle progression. 
These activities define a molecular 
connection between transcription and 
DNA repair that had been suspected 
prior to the discovery of TFIIH. 
TFIIH performs critical roles 
at initiation and at the initiation–
elongation transition. At initiation, 
TFIIH facilitates promoter melting. Two 
different models have been proposed 
to account for this activity. According 
to one model, XPB contacts DNA both 
upstream and downstream of the start 
site, with ATP hydrolysis inducing a 
conformational change in XPB that 
separates the two strands of DNA. 
The second model proposes that XPB 
contacts DNA only downstream of the 
start site and catalyses ATP-dependent 
rotation of downstream DNA relative 
to a fixed upstream site, in essence 
functioning as a ‘wrench’ to unwind 
DNA. TFIIH regulates the transition 
from initiation to elongation by Cdk7-
catalysed phosphorylation of residue 
Ser5 of the Pol II CTD (see below).
Human TFIIH appears as a ring-
like structure with a central hole, the 
dimensions of which are sufficient to 
accommodate a double-stranded DNA 
molecule (Figure 2). It is noteworthy 
that the closed ring visible in human 
TFIIH is missing from the yeast 
structure, a discrepancy that could 
be accounted for by the absence of 
the Rad25 subunit (XPB) from the 
yeast TFIIH complex. The quaternary 
structure of TFIIH is comparable to 
other ring-like nucleic acid binding 
complexes and raises interesting 
possibilities for how TFIIH binds and 
remains associated with template DNA.
RNA polymerase II
Pol II consists of 12 subunits, 
designated Rpb1–Rpb12 (Figure 2). 
The Rpb1, Rpb2, Rpb3, Rpb6 and 
Rpb11 subunits form the core of Pol II. Although these subunits are unique 
to Pol II, homologs are found among 
all multisubunit RNA polymerases, 
including bacterial RNA polymerases. 
The Rpb5, Rpb8, Rpb10 and Rpb12 
subunits are shared among Pol I, 
II and III, conferring catalytic and 
other functions common to all three 
polymerases. Rpb4, Rpb7 and 
Rpb9 are specific to Pol II, although 
homologs of these subunits are found 
in Pol I and Pol III. Rpb4 and Rpb7 
are specific to the initiation stage 
of transcription and appear to link 
the core of Pol II with the general 
transcription factors. 
High-resolution, X-ray crystal 
structures of yeast Pol II complexes 
have been solved by Roger Kornberg 
and colleagues. These include the 
10-subunit catalytically active enzyme 
(lacking Rpb4 and Rpb7); the initiation-
competent 12 subunit complex; a 
transcribing Pol II-DNA–RNA complex, 
revealing the trajectory of the DNA 
template through the complex 
and the presumed exit path of the 
nascent RNA; a Pol II–TFIIB complex 
that illuminates the role of TFIIB in 
transcription initiation and promoter 
clearance; and a low-resolution Pol 
II–TFIIF complex (Figure 2), which 
suggests how an open promoter 
complex is established, leading 
to transcription initiation. These 
structures have provided extraordinary 
insight into the mechanism of gene 
expression, an accomplishment for 
which Dr. Kornberg was awarded the 
2006 Nobel Prize in chemistry. 
A structure unique to Pol II is a 
reiterated seven amino acid sequence 
(Tyr1-Ser2-Pro3-Thr4-Ser5-Pro6-Ser7) 
found at the CTD of the Rpb1 subunit. 
The length of the CTD increases with 
organism complexity: yeast Rpb1 
includes 26 heptad repeats, mouse 
44 and humans 52. Progression 
of Pol II through the transcription 
cycle is accompanied by changes 
in the phosphorylation status of 
Ser5 and Ser2 of the CTD. Pol II 
is recruited to the promoter in an 
unphosphorylated form (Pol IIA) that 
undergoes dynamic phosphorylation 
and dephosphorylation during 
the transcription cycle. Ser5 is 
phosphorylated by the Cdk7 
subunit of TFIIH, coinciding with 
transcription initiation, while Ser2 is 
phosphorylated by the Ctk1 subunit of 
the CTDK-I complex during elongation. 
Ser7 was recently reported to be 
phosphorylated, affecting expression 
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CTD phosphatases have also been 
identified that affect Pol II elongation 
and recycling following termination. 
The CTD plays a key role in the 
coupling of Pol II transcription to RNA 
processing — 5′ capping, splicing, 3′ 
poly(A) addition — acting as a platform 
for the recruitment and exchange of 
transcription and RNA processing 
factors in response to changes in its 
phosphorylation status. 
Mediator
Although the general transcription 
factors and Pol II are sufficient for 
accurate transcription initiation in 
vitro, these components alone fail to 
respond to activator proteins bound 
to enhancer or upstream activation 
sequences (Figure 1). This deficiency 
led to the discovery of Mediator, 
an enormous complex composed 
of at least 24 subunits with a total 
mass greater than 1 MDa. Genome-
wide expression analyses in yeast 
revealed that Mediator is required 
for transcription from most Pol II 
promoters. In this sense, Mediator acts 
as a general transcription factor, albeit 
one that is dispensable for promoter 
recognition. Other studies indicate, 
however, that the Mediator requirement 
for Pol II transcription is activator-
specific. Indeed, Mediator appears 
to be dispensible for expression of 
genes encoding ribosomal proteins 
and glycolytic enzymes. In the case 
of ribosomal protein genes, TFIID, 
rather than Mediator, appears to be 
the requisite coactivator. Mediator also 
affects transcriptional repression and 
has been implicated in establishing 
heritable states of gene silencing. 
Nearly every subunit of Mediator 
has a counterpart in mammalian 
cells, reflecting its evolutionarily 
conserved role in Pol II transcription. 
No counterpart to Mediator has 
been found in any prokaryotic 
organism, consistent with the different 
mechanisms by which prokaryotic 
and eukaryotic activators stimulate 
transcription. 
Mediator appears to function 
as a ‘control panel’ that integrates 
regulatory signals, often from several 
enhancer-bound activator proteins, 
and transduces this information to 
Pol II and the general transcription 
factors. The biological significance 
of Mediator was revealed when more 
than a dozen of its subunits were 
found to be encoded by genes that had been identified earlier based on 
defects in transcriptional activation 
or repression. Also, several Mediator 
subunits had been identified early 
on as suppressors of Pol II CTD 
truncations (SRB genes), thereby 
implicating the CTD in Mediator 
function. Indeed, Mediator associates 
with the hypophosphorylated IIA form 
of Pol II and stimulates the CTD kinase 
activity of TFIIH.
Mediator is a crescent-shaped 
complex consisting of head, middle 
and tail subcomplexes (Figure 1,2). 
This physical partition of Mediator 
is consistent with genetic and 
biochemical data indicating that the 
head complex (Med6, Med8, Med11, 
Med17, Med18, Med19, Med20 and 
Med22) interacts directly with Pol II 
and plays a general role in Pol II 
transcription; the middle complex 
(Med1, Med4, Med5, Med7, Med9, 
Med10, Med14 and Med21) associates 
with the CTD; and the tail complex 
(Med2, Med3, Med15 and Med16) 
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Figure 2. Three-dimensional structures of selected components of the Pol II transcription 
 machinery. 
(A) The Pol II PIC. This model was developed from crystal structures and photo-cross-linking 
data. The purple and green ovals mark the locations of TFIIE (Tfa1 + Tfa2) and TFIIF (Tfg1 + 
Tfg2), respectively. TFIIBn and TFIIBc (yellow) denote the N- and C-terminal domains of TFI-
IB. TFIIA stabilizes TBP-DNA binding, but is not essential for accurate transcription initiation 
in vitro. Reprinted with permission from Chen et al., Nat. Struct. Mol. Biol. (2007) 14, 696–703. 
(B) TFIID at 35 Å resolution. The blue mesh represents the three-lobed (A, B, C) TFIID complex. 
The yellow mesh approximates the position of TBP based on the differential density between 
TFIID and TFIID bound to a TBP antibody. Reprinted with permission from Andel et al., Science 
(1999) 286, 2153–2156. (C) TFIIH. The red mesh represents the 18 Å yeast core TFIIH structure, 
superimposed onto the 38 Å human holo-TFIIH structure. Reprinted with permission from Woy-
chik and Hampsey, Cell (2002) 108, 453–463. (D) Outline of yeast Mediator in association with 
Pol II. Head, middle and tail domains are depicted. The core Mediator depicted here does not 
include the cyclin-dependent kinase subcomplex (Med12, Med13, Srb10, Srb11). Reprinted 
with permission from Hahn, Nat. Struct. Mol. Biol. (2004) 11, 394–403. (E) Yeast Pol II at 2.8 Å 
resolution. Individual subunits are shown in distinct colors. Reprinted with permission from 
Cramer et al., Science (2001) 292, 1863–1876.
recognizes and binds activators and 
is crucial for Mediator’s coactivator 
function. A larger form of Mediator 
includes a fourth complex (Med12, 
Med13, Srb10, Srb11) with cyclin-
dependent CTD kinase activity that 
inactivates Pol II and TFIIH. This 
complex has also been implicated 
in activation as a target of acidic 
activator proteins and the Srb10 kinase 
is required for GAL1 activation in 
yeast. Characterization of mammalian 
coactivator requirements has defined 
Mediator complexes of different 
composition, depending upon the 
specific activator, suggesting that 
Mediator is a dynamic complex that 
allows for mixing-and-matching of 
subcomplexes in response to different 
activator or repressor requirements. 
Perspective
Why such complexity in Pol II 
transcription? The 60 protein 
requirement for Pol II transcription 
does not reflect the complexity 
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Resynchronization of young adult 
Siberian hamsters occurred at least 
49% faster when nights were dimly lit 
rather than completely dark, and adult 
Syrian hamsters realigned at least 
38% faster. 
Because resynchronization can be 
influenced by age, we investigated 
whether dim nighttime illumination 
would accelerate recovery from 
simulated jetlag in Siberian hamsters 
82–100 weeks of age (Figure S1). 
Old Siberian hamsters took longer to 
resynchronize than younger animals, 
yet dimly lit nights still increased 
the rate of resynchronization 
(Figure 1B and Table S1). Notably, 
resynchronization for old animals with 
dimly lit nights was not different from 
that of young animals with dark nights 
even though these groups differed in 
age by more than a year (Figures 1B 
and S2). 
We also examined whether dim 
nighttime illumination facilitates 
resynchronization after longer 
simulated journeys. Syrian hamsters 
were provided simulated journeys 
across eight time zones (Figure S1). 
Again, dimly lit nights accelerated 
recovery (Figure 1B and Table S1). To 
determine whether previous exposure 
to dimly lit nights is sufficient 
to facilitate recovery, nighttime 
illumination was extinguished for 
Syrian hamsters immediately before 
a final 8-hour eastward journey 
(Figure S1). To accelerate full 
resynchronization, dim nighttime light 
was required during simulated travel 
(Table S1).
In summary, dim nighttime 
illumination sped adjustment of 
activity rhythms after simulated 
travel in two hamster species, in both 
eastward and westward directions, 
after 4-hour and 8-hour shifts, and 
in young and aged animals. The 
present results demonstrate a latent 
circadian plasticity that emerges 
under conditions incorporating 
dimly lit nights. This contrasts with 
the conventional wisdom that the 
circadian clock is largely blind to 
light the intensity of dim moonlight, 
a view based on studies of photic 
thresholds for phase resetting and 
melatonin suppression [4] mediated 
by melanopsin-containing retinal 
ganglion cells [5]. Confirming previous 
results [4], our dim illumination 
had only modest effects on classic 
circadian measures of photic 
resetting and melatonin secretion in 
Dim nighttime 
illumination 
accelerates 
adjustment to 
timezone travel in 
an animal model
Jennifer A. Evans1,*, Jeffrey A. Elliott2, 
and Michael R. Gorman1,3 
Jetlag reflects a mismatch 
between local and circadian time 
following rapid timezone travel [1]. 
Appropriately timed bright light can 
shift human circadian rhythms but 
recovery is slow (e.g., 1–2 days per 
timezone). Most symptoms subside 
after resynchronization, but chronic 
jetlag may have enduring negative 
effects [2], including even accelerated 
mortality in mice [3]. Melatonin, 
prescription drugs, and/or exercise 
may help shift the clock but, like bright 
light, require complex schedules 
of application [1]. Thus, there is a 
need for more efficient and practical 
treatments for addressing jetlag. In 
contrast to bright daytime lighting, 
nighttime conditions have received 
scant attention. By incorporating 
more naturalistic nighttime lighting 
comparable in intensity to dim 
moonlight, we demonstrate that 
recovery after simulated jetlag is 
accelerated when nights are dimly lit 
rather than completely dark.
In the present studies of male 
Siberian and Syrian hamsters, the 
sole difference between experimental 
groups was whether nights were 
either completely dark or dimly lit  
(< 0.2 lux) by a low power, green-light-
emitting diode (see Supplemental 
Data, available online with this 
issue). After recording wheel-running 
activity rhythms for one week, an 
eastward trip across four time zones 
was simulated, with a return trip two 
or three weeks later (Figure 1A and 
Figure S1 in Supplemental Data). 
Dim nighttime illumination 
accelerated readjustment of the 
activity rhythms following simulated 
travel in both eastward and westward 
directions for each hamster 
species (Figure 1B and Table S1). 
Correspondenceof RNA synthesis. After all, the chemistry of the transcription 
reaction in prokaryotic and eukaryotic 
organisms is, in essence, identical. 
Yet bacterial transcription is 
catalyzed by a five subunit core 
complex — α2ββ′ω, comparable to 
eukaryotic Rpb1,2,3,6,11 — with 
promoter recognition conferred by 
one of only a handful of different σ 
subunits that associate with the core 
enzyme. Instead, the complexity of 
the eukaryotic Pol II machinery is a 
consequence of both the organization 
of the eukaryotic genome, including 
the packaging of DNA into chromatin, 
and the myriad regulatory parameters 
that control gene expression. 
The challenge that lies ahead is to 
unravel the physical interactions that 
occur among and within the different 
transcription complexes and how 
these interactions occur in response to 
different stimuli. High-resolution three-
dimensional images have provided 
remarkable insight into the structural 
basis of Pol II function. However, the 
size, complexity and dynamic nature of 
the TFIID, TFIIH and MED complexes 
make it unlikely that high-resolution 
images of these intact complexes 
will be forthcoming. Instead, new 
technologies, including novel methods 
for crosslinking protein–protein and 
protein–DNA interactions, are likely 
to illuminate the structural basis 
of transcription in small, but highly 
informative increments.
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